Abstract. Magnetic clouds (MCs) are the interplanetary counterparts of coronal mass ejections (CMEs), and usually modeled by a flux rope. By assuming the quasi-steady evolution and selfsimilar expansion, we introduce three types of global motion into a cylindrical force-free flux rope model, and developed a new velocity-modified model for MCs. The three types of the global motion are the linear propagating motion away from the Sun, the expanding and the poloidal motion with respect to the axis of the MC. The model is applied to 72 MCs observed by Wind spacecraft to investigate the properties of the plasma motion of MCs. First, we find that some MCs had a significant propagation velocity perpendicular to the radial direction, suggesting the direct evidence of the CME's deflected propagation and/or rotation in interplanetary space. Second, we confirm the previous results that the expansion speed is correlated with the radial propagation speed and most MCs did not expand self-similarly at 1 AU. In our statistics, about 62%/17% of MCs underwent a under/overexpansion at 1 AU and the expansion rate is about 0.6 on average. Third, most interestingly, we find that a significant poloidal motion did exist in some MCs. Three speculations about the cause of the poloidal motion are therefore proposed. These findings advance our understanding of the MC's properties at 1 AU as well as the dynamic evolution of CMEs from the Sun to interplanetary space.
Introduction
Since first identified by Burlaga et al. in 1981, magnetic clouds (MCs) have been studied extensively in the past decades. They are large-scale organized magnetic structures in interplanetary space, developed from coronal mass ejections (CMEs), and play an important role in understanding the evolution of CMEs from the Sun to the heliosphere and the associated geoeffectiveness.
The current knowledge of MCs are mostly from in-situ one-dimensional observations, and various MC fitting models have been developed to reconstruct the global picture of MCs in two or three dimensions. It is now believed that an MC is a loop-like magnetic flux rope with two ends rooting on the Sun [e.g., Burlaga et al., 1981; Larson et al., 1997; Janvier et al., 2013] . The modeling efforts mainly focus on two aspects. One is to reconstruct a realistic geometry and magnetic field configuration. In past decades, MC fitting models have been developed from cylindrically symmetrical force-free flux ropes [e.g., Goldstein, 1983; Marubashi , 1986; Burlaga, 1988; Lepping et al., 1990; Kumar and Rust , 1996] gradually to asymmetrically cylindrical (non-)force-free flux ropes [e.g., Mulligan and Russell , 2001; Hu and Sonnerup, 2002; Hidalgo et al., 2002a,b; Cid et al., 2002; Vandas and Romashets , 2003 ] and torus-shaped flux ropes [e.g., Romashets and Vandas , 2003; Marubashi and Lepping, 2007; Hidalgo and Nieves-Chinchilla, 2012] . Some comparisons among various MC fitting models could be found in the papers by, e.g., , Al-Haddad et al. [2011] and Al-Haddad et al. [2013] .
The other important aspect is to understand the expansion and distortion of the cross-section of a MC [e.g., Farrugia et al., 1993 Farrugia et al., , 1995 Marubashi , 1997; Shimazu and Vandas, 2002; Berdichevsky et al., 2003; Hidalgo, 2003; Owens et al., 2006; Dasso et al., 2007; Démoulin and Dasso, 2009a,b; Démoulin et al., 2013] . This is generally an issue about how the velocity is distributed in an MC. There are lots of observational evidence that MCs expand when propagating away from the Sun [e.g., Klein and Burlaga, 1982; Berdichevsky et al., 2003; Jian et al., 2006; Gulisano et al., 2010] . When the expansion is anisotropic, the initially circular cross-section of a MC will deform into a non-circular shape. The kinematic treatments and MHD simulations suggested that MCs may develop into an ellipse or 'pancake' shape [Riley et al., 2003; Riley and Crooker , 2004; Owens et al., 2006] . After exploring the parameter space of flux rope models, Démoulin et al. [2013] concluded that the aspect ratio of the ellipse is around 2, but not too large. On the other hand, the fitting results applying an ellipse model to the observed MCs suggested that the cross-section of MCs may be not far from a circle [See Table 1 of Hidalgo, 2003] . A similar result could be seen in the papers by Hu and Sonnerup [2001] and Hu and Sonnerup [2002] , who used the Grad-Shafranov (GS) technique to reconstruct MCs in a 2-dimensional plane. This technique does not constrain the shape of the MC's cross-section, but we still can find a nearly circular cross-section, particularly for the inner core. Thus, it may be acceptable to assume a circular cross-section of an MC at 1 AU.
Furthermore, expansion is only one type of the motion of the MC plasma. Imagining a segment of an MC, which is approximately a cylindrical flux rope (refer to Fig.1b) , one may assume that there are at least three types of the global plasma motion: linear propagating motion, vc = (vX , vY , vZ) , expanding motion, ve and poloidal motion, vp. vc is the velocity in a rest reference frame, e.g., GSE coordinate system (X, Y , Z), in which spacecraft movement could be ignored during the passage of an MC. ve and vp are both the speeds in a plane perpendicular to the MC's axis. By applying a cylindrical coordinate system, (r, ϕ, z), sticking to the axis of the MC, we have ve = vr and vp = vϕ.
Most of previous studies of fitting locally observed MCs simply assumed that MCs propagate radially from the Sun, which means that vc ≈ vXX. However, statistical and case studies of the propagation and geoeffectiveness of CMEs suggested CME may experience a deflected propagation in interplanetary space [Wang et al., 2002 [Wang et al., , 2004 [Wang et al., , 2006a [Wang et al., , 2014 Kilpua et al., 2009; Rodriguez et al., 2011; Lugaz , 2010; Isavnin et al., 2013 Isavnin et al., , 2014 . It will obviously provide a non-radial component of the linear propagation motion. Besides, the orientation of the MC axis may probably rotate when an MC propagates in interplanetary space [e.g., Rust et al., 2005; Wang et al., 2006b; Yurchyshyn , 2008; Yurchyshyn et al., 2009; Vourlidas et al., 2011; Nieves-Chinchilla et al., 2012; Isavnin et al., 2014] . It is another source of the non-radial motion. The pictures of both deflection and rotation are mainly established on indirect evidence and models. Thus it is interesting to seek any signatures of non-radial motion from in-situ data.
As to the poloidal motion of plasma in MCs, there is so far no particular study. But some phenomena hint at the possible existence of such a motion. One of them is the strong field-aligned streams of suprathermal electrons in MCs [e.g., Larson et al., 1997] . Another is the frequently observed plasma flows in prominences and coronal loops in the solar corona. Prominences and coronal loops may be a part of a MC if they are involved in an eruption. If plasma poloidal motion did exist in MCs, we will shed new light on the dynamic evolution of CMEs.
The aim of the present work is to investigate the plasma motion of MCs from in-situ data with the aid of a flux rope model. As the first attempt, we utilize a relatively simple and ideal flux rope model, which is cylindrically symmetrical and force-free, but with all the three components of the plasma motion taken into account. One could go to the web page http://space.ustc.edu.cn/dreams/mc_fitting/ to run our model. The details of the model and method we employed in this work are described in the next section.
Model and Events
2.1 Velocity-modified cylindrical force-free flux rope model
Model description
Our model is developed from the cylindrically symmetrical force-free flux rope model that has been widely used in many previous studies [e.g., Lepping et al., 1990] . The following coordinate systems are used. One is the GSE coordinate system, (X, Y, Z), in whichX is along the SunEarth (or Sun-spacecraft) line pointing toward the Sun,Ẑ is a northward vector perpendicular to the ecliptic plane and Y completes the right-handed coordinate system. Another is a cylindrical coordinate system in the MC frame, (r, ϕ, z), withẑ along the axis of the flux rope, as illustrated by Figure 1a . Sometimes to show the pattern of magnetic field and velocity, one more Cartesian coordinates in the MC frame, (x ′ , y ′ , z ′ ), is used, in whichẑ ′ is identical withẑ,x ′ -axis is the projection of the observational path on the plane perpendicular toẑ ′ , approximately directed toward the Earth and y ′ completes the right-hand coordinate system (see Fig.12e  and 13e) .
The magnetic field of a cylindrical flux rope is described by Lundquist [1950] solution in the coordinates (r, ϕ, z)
in which H = ±1 is the handedness or sign of the helicity, B0 is the magnetic field strength at the axis, α is the constant force-free factor, and J0 and J1 are the Bessel functions of order 0 and 1, respectively. Like common treatment, we set the boundary of a flux rope at the first zero point of J0, which leads to α = 2.41/R and R is therefore the radius of the flux rope.
If any kinematic evolution of the flux rope could be ignored, the magnetic field profile along an observational path is determined once the following six parameters are known: (1) the orientation of the flux rope's axis, i.e., theẑ-aixs, which is given by the elevation and azimuthal angles, θ and φ, in GSE coordinate system; θ = 0 is in the ecliptic plane and θ = 0 and φ = 0 is toward the Sun, (2) the closest approach (CA) of the observational path to the flux rope's axis, given by d in units of R; a positive/negative value of d means that the observational path is above/below the axis in (x ′ , y ′ , z ′ ) coordinates, i.e., y ′ > 0/y ′ < 0 as shown by the examples of the positive d in Fig.12e and 13e, and (3) the free parameters in Eq.1-3, which are H, B0 and R.
After the possible plasma motion is taken into account, five additional parameters should be considered, which are vc = (vX , vY , vZ ), ve and vp. Here we assume that the flux rope propagates and expands uniformly and experiences a quasi-steady, self-similar expansion (or contraction) during the period of interest. Thus, vc is a constant vector, describing a global linear motion, that does not change the internal magnetic field of the flux rope.
The parameter ve is a constant expansion speed of the boundary of the cross-section of the flux rope. The selfsimilar assumption gives the expansion speed at any radial distance, r, away from the flux rope's axis as
in which x is the normalized radial distance, equal to r/R. As a consequence, the radius of the cross-section of the flux rope evolves as follows
in which t0 is the initial time (or the time the observer first encountering the MC flux rope), and the magnetic field as
Eq.6 follows the magnetic flux conservation. It should be noted that, due to the curvature of the whole looped flux rope, the propagation velocity of the different segment of the flux rope is along the different direction as illustrated in Figure 1b , which may actually cause the expansion along the axis of the flux rope. That is also why the length of the flux rope increases as indicated by Eq.14 below. The axial expansion rate could be on the same order of the expansion rate of the flux rope's cross-section [e.g., Dasso et al., 2007; Démoulin et al., 2008; Nakwacki et al., 2011] , which guarantee a roughly self-consistent evolution of a force-free flux rope [Shimazu and Vandas, 2002] .
Under the assumption of self-similar expansion and the conservations in both mass and angular momentum, the poloidal speed in the flux rope can be derived (see Appendix A) as
in which k1 is a constant and fp(x) is a function dependent only on the relative position x. However, the expression of fp(x) cannot be specified theoretically. As the first attempt, here we tentatively assume fp(x) = 1. It should be noted that the point at x = 0 is a singularity under this assumption because vϕ(0) has a non-zero value that is not physically meaningful. We just ignore this singularity, and as will be seen in Sec.4.3, we prove that this assumption can be treated as an acceptable approximation. Then Eq.7 can be rewritten as
where the parameter vp(t) defines the poloidal speed of the plasma at the boundary of the flux rope in the direction of ϕ.
Parameters
In summary, Table 1 lists all the 11 free parameters in the velocity-modified cylindrical force-free flux rope model. Besides, based on the cylindrical force-free flux rope assumption, we may derive more parameters, which have been also summarized in Table 1 . It is straightforward to obtain the first two derived parameters, tc and Θ. The next four parameters are derived as follows.
The axial magnetic flux, Φz, is given by
in which κ1 = 
in which A is a vector potential of B and κ3 = 2π
in which κ4 = x 0 2µ κ3 = 6.72 × 10 5 m H −1 . We do not know the value of l, but we may assume that it is bounded between πL and 2L, L is the heliocentric distance of the flux rope, as shown in Figure 1a . In practice, we let
The uncertainty, π−2 2 L, in the length of the flux rope will result in the uncertainty in Φϕ, Hm and Em. It should be noted that (1) the uncertainty here is not from the fitting procedure but the length of the flux rope, and (2) this treatment will underestimate the real length if the leg of an MC rather than its leading part was observed.
Considering the conservation of magnetic flux, we may infer from Eq.9 and 10 that
and consequently, the helicity is conserved too. Further, we may infer Em ∝ L −1 , suggesting that magnetic energy continuously decreases when an MC propagates away from the Sun. In this work, we calculate its initial value, Em0, as listed in Table 1 , which is the magnetic energy when the MC is only one solar radius away from the Sun, and the associated uncertainty of about ±22% comes from the uncertainty in l. Be aware that the decay index of the magnetic energy of an MC may not be −1. The case study by Nakwacki et al. [2011] , for example, has shown that the decay index for the MC observed by two spacecraft at 1 and 5.4 AU, respectively, on 1998 March is about −0.9, a little bit slower than the expectation from our model. If the decay index varies from −0.9 to −1.1, the extrapolated Em0 suffers an additional uncertainty of about
, which we do not taken into account in our model.
The last derived parameter, χn, is used to evaluate the goodness-of-fit, which will be introduced in the following section.
Evaluation of the goodness-of-fit
Our fitting procedure is designed to fit the observed magnetic field, B o , and velocity, v o , together, which means that all the three components of B o and v o are used to constrain the model parameters. There are 11 free parameters, among which three of them are time-dependent (see Table 1 ) and can be determined by Eq.5, 6 and 8. Here, we use the first contact of the MC, t0, as the reference time. The detailed fitting process is as follows. First, by given a set of 11 free parameters, the imaginarily observational path relative to the axis of the flux rope can be derived from the orientation of the axis, (θ, φ), the closest approach, d, the propagation velocity, (vX , vY , vZ) , and the expansion speed, ve. Second, the coordinates of the observational path are then transformed from the GSE coordinate system to the MC frame, (r, ϕ, z). In the MC frame, the three components of magnetic field along the path can be determined by Eq.1-3, in which the free parameters B0, R and H are involved, and the velocity can be calculated as vrr + vϕφ, in which vr and vϕ are given by Eq.4 and 8. Third, we transform the derived magnetic field, B m , and velocity, v m , in the MC frame back to the GSE coordinate system, and evaluate the goodnessof-fit by calculating the normalized root mean square (rms) of the difference between the modeled and observed values of magnetic field and velocity, which is given as
where N is the number of measurements, and v ref is a reference velocity.
To find the best-fit, we use the IDL package, MPFIT (refer to http://purl.com/net/mpfit), to perform least-squares fitting [Markwardt , 2009; More, 1978] . The initial value of B0(t0) is set to be the maximum value of the magnetic field strength during the interval of interest, the initial value of R(t0) is estimated as 1 2 vX ∆t, in which ∆t is the duration of the MC interval and vX is the mean value of the observed vX , the initial value of the propagation velocity (vX , vY , vZ ) is the mean value of the observed velocity, the initial value of the expansion speed is estimated from the slope of the observed radial velocity, and the initial value of the poloidal speed is set to be zero. For the free parameter H, we just fix its value to 1 or −1 by adding a loop in our fitting procedure. The elevation and azimuthal angles, θ and φ, are two most important free parameters. In order to get the best fitting result, we test the initial value of θ every 15
• from −90
• to 90
• , and do the same thing for φ from 0
• to 360
• . Besides, we assume that the front and rear boundaries of an observed MC define the interval of the flux rope, and then the closest approach, d, could be uniquely determined based on the preset velocity and the axis orientation of the flux rope. In summary, we try 576 attempts of fitting (i.e., 576 sets of the initial values of the free parameters) for an MC, and select the case with the smallest value of χn as the best-fit.
The reference velocity in Eq.15 is used to adjust the weight of the velocity in evaluating the goodness-of-fit, and is set as Magnetic field strength at the axis of the flux rope.
R(t)
Radius of the cross-section of the flux rope. H Handedness or sign of helicity, must be 1 (Right) or −1 (Left). θ Elevation angle of the axis of the flux rope in GSE. φ Azimuthal angle of the axis of the flux rope in GSE. d
The closest approach of the observational path to the axis of the flux rope. vX Propagation speed of the flux rope in the direction ofX. Magnetic helicity of the flux rope.
Em0
Initial magnetic energy, i.e., the magnetic energy of the flux rope when it was one solar radius away from the Sun. χn Normalized root mean square (rms) of the difference between the modeled results and observations. * See Sec.2.1 for the definition of coordinate systems, derivations of some parameters and other details.
If there was no reference velocity, χBn and χvn may not have the same weight and cannot be inserted into one formula, because the dynamic range of the velocity is much different from that of the magnetic field. For example, assuming an MC interval during which the magnetic field varies from 5 to 35 nT and the velocity varies from 300 to 600 km s −1 in velocity, one can find that the relative difference between the modeled and observed values in magnetic field is the same as that in velocity. Thus the value of relative error depends on the dynamic range. To remove this effect, we use the reference velocity, which is 250 km s −1 in the above case. The corrected relative error of the velocity becomes 50 500−250 = 20%, the same as that of the magnetic field. After this treatment, χBn and χvn can be fitted into one formula, Eq.15, to assess the goodness-of-fit.
The normalized rms, χn, has a definite meaning here. It measures the average relative error of modeled vectors, B and v, with both length and direction taken into account. It should be noted that the normalized rms here is different from those used in some studies. For example, in Lepping et al. [1990] and Lepping et al. [2006] , B o and B m are normalized by the strength of themselves, and that rms merely reflects the average deviation of vector directions; while in Marubashi et al. [2012] , B o and B m are normalized by the maximum value of observed B during the whole interval of the flux rope, which might imply that a stronger MC has a smaller value of rms.
Events and model testing
The MC list compiled by Lepping et al. [2006] is the basis of this study, and hereafter we call it Lepping list (see http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_S1.html; the list including the fitted parameters are kept being updated until 2011 December 13). We use this list not only because it is well established but also because we can test the procedure of our model by comparing our fitting results with Lepping et al. [2006] results. There are a total of 121 MCs in the list. The start time, end time and model-derived parameters are all given in the list. The goodness-of-fit is estimated by Q0, which is 1, 2 or 3 for good, fair and poor, respectively. Our study only considers the MCs in the first two categories. It is noticed that there are large data gaps in the published Wind data during 2000 July 15 -16. Their event No.45 and 46 are in that period, and are therefore removed from our study. Besides, the event No.85 in their list was studied by Dasso et al. [2009] , and is believed to consist of two MCs. Thus we discard this event too. Finally, a total of 72 events are available for our study as listed in Table 2 -4 in Appendix B.
To test our procedure, we switch off the velocity option in our model, and compare the fitted parameters with those given in Lepping list. When fitting an observed MC with our model, we use the time-resolution of the Wind data as the same as that indicated in the list, which is 15 minutes for some events and 30 minutes for others. The front and rear boundaries of the MCs given in Lepping list are used and fixed in our model. It is different from the procedure taken by Lepping et al. [2006] , in which the preset boundaries may be modified by their model. The difference between their fitted and observed boundaries is evaluated by the parameters, Figure 2 : Histograms showing the differences of the values of fitting parameters between the Lepping's model and our model without velocity measurements taken into account. From top to bottom and left to right, there are the relative difference of the magnetic field strength (B0) at the MC's axis between the two models, the relative difference of the radius (R), the difference of the closest approach |d|, the acute angle between the MC's axes derived from the two models, and the difference of the handedness. ck and asf, given in their list (see Eq.7 and 9 in Lepping et al. 2006 for their definitions). Larger values of ck and asf mean larger difference. Thus to make a mostly reliable comparison, we further tentatively exclude events whose ck or asf is larger than 10%, that results in a sample of 23 events. It should be noted that those excluded events will be included again in the next section though they are not used for testing our procedure here.
The parameters characterizing the configuration and strength of an MC are compared, which are H, B0, R, d, and orientation (θ and φ) of an MC. Figure 2 shows the differences of the values between the parameters from our and Lepping et al. [2006] procedures. It is found that both of them suggest the same sign of helicity, H, for each MC (Fig. 2e) . For B0 and R, we calculate the relative difference,
, where f is from our results and fL from Lepping list. Our procedure gets very similar results with Lepping list (Fig.2a and 2b ). There are only 3 events, in which the relative difference in B0 and R is outside of ±20%. For d, we do not use the above equation to calculate the relative difference, because d is a ratio of the closest approach to the radius of the flux rope and its value could be zero which may cause the value of the relative difference to be extremely large. Instead, we directly use the difference of absolute values of them, |d| − |dL|. A good agreement also can be obtained between the two procedures (Fig.2c) . The two parameters θ and φ, which define the orientation of a flux rope's axis, are compared together. We calculate the angle between the orientation derived by our procedure and that given in Lepping list. It is found that the angle is smaller than 60
• , and for most (19 out of 23) events, the angle is less than 30
• . Overall, the comparison shows that our procedure can almost reproduce the results derived by Lepping et al. [2006] , confirming the validity of our procedure. Now we switch on the velocity option, and apply the model to the 72 high-quality events in Lepping list. The timeresolution of the data input into our model is set to 10 minutes. All the parameters derived from our fitting procedure of these events have been listed in Table 2 -4 in Appendix B for reference. In the following two sections, we will evaluate the effects of velocity on the goodness-of-fit, and show the statistical properties of plasma motion.
Effects of velocity on the fitting results
The goodness-of-fit is evaluated by the average relative error, χn, given by Eq.15. For all the 72 events, the distribution of χn has been displayed in Figure 3a . It is found that the values of χn are all less than 60%, and on average, χn is about 28%. Further, the comparison between the cases of velocity-on and velocity-off shows that considering velocity may get the value of χBn larger or smaller (see Fig.3b ). As examples, Figure 4a and 4b show two cases; for one of them the fitting to the magnetic field gets worse, and for the other, the fitting looks better. In a typical MC measurements, a declining velocity means the expansion of the MC and as a consequence, the magnetic field strength of the MC should decrease as well. The former case does not follow the picture. The strongest magnetic field appeared in the rear part of the MC, but the velocity profile indicates a clear expansion, suggesting that the strongest magnetic field should appeared in the front part of the MC. The fitting without ve- locity being taken into account gives the blue dashed curves, which match the observed magnetic field much better than red solid curves given by our velocity-modified model. The latter case is a typically expanding MCs, and therefore the magnetic field is fitted better.
Except those velocity-related parameters (which will be presented in the next section), the parameters of MCs derived from our velocity-modified model are summarized in Figure 5 . For the magnetic field strength at the MC axis, most events fall into the range from 10 to 30 nT with an median value of about 16 nT. For the radius, all the MCs are less than 0.25 AU, and its median value is about 0.09 AU. Note, the values of the above two parameters are all adopted at the time, tc, when the observer arrives at the closest approach to the MC axis. The angle between the MC axis and the Sun-spacecraft line, Θ, could be any value from 0
• . The most probable angle is within 45
• − 75
• , and the median angle is about 53
• . It suggests that observed MCs are more likely to transversely cross over the observer. The elevation angle of the MC axis tends to be small, with a median value of about 15
• , implying low tilt angles of flux ropes when they erupted from the Sun.
Further by using the total length of the flux rope, l, given by Eq.13, we estimate that the total magnetic flux, which includes axial flux and poloidal flux, is on the order of 10 21 Mx with the median value of about 4.1 × 10 21 Mx. The distributions of the axial flux and poloidal flux are also indicated by dotted and dashed lines (Fig.5e) . Their median values are 0.4 × 10 21 and 3.6 × 10 21 Mx, respectively. The estima- . Case (a) shows that the fitting results become worse when the velocity is taken into account, and Case (b) shows an opposite situation. In both cases, from the top to bottom, the panels are total magnetic field strength, elevation and azimuthal angles of magnetic field vector and three components of bulk velocity of solar wind plasma, respectively. The two vertical lines mark the front and rear boundaries of the MCs.
tion of the magnetic flux of MCs were made before by, e.g., Dasso et al. [2005] , Dasso et al. [2007] and Nakwacki et al. [2008] . In Dasso et al. [2005] , for example, eight well-defined MCs were investigated and it was found that the axial flux is around 0.4 × 10 21 Mx, highly consistent with the result obtained here. Our results are also roughly in agreement with previous studies about the magnetic flux of MCs and reconnection flux of solar eruptions by, e.g., Qiu et al. [2007] .
The helicity is shown in Figure 5f and 5h. The number of right-handed MCs is almost equal to the number of lefthanded MCs, and the absolute value of the helicity is about 2.05 × 10 42 Mx 2 on average. For the 8 events studied by Dasso et al. [2005] , the helicity per unit length is about 1 × 10 42 Mx 2 /AU. According to Eq.13, the helicity in their study is about 2.57 × 10 42 Mx 2 , consistent with the average value we obtained here. Moreover, the initial magnetic energy is found to be about 2.84 × 10 31 erg, nearly one order higher than the kinetic energy of a typical CME, which is about 10 29 −10 30 erg [e.g., Vourlidas et al., 2010] , even considering the uncertainty in the decay index when we extrapolate the initial magnetic energy. Nakwacki et al. [2008] compared the static and expansion models and found that the modeled values of the MC parameters are not changed too much. Here we consider not only the expansion but also other types of motion. Will the values of parameters change more significantly? By comparing the values of the fitting parameters obtained from the velocity-modified and non-velocity models as shown in Figure 6 , we find that the values are more or less changed, but not too significantly except the orientation. The magnetic field strength is almost unaffected. For the radius, about 13% (9 out of 72) of the events get a smaller value after velocity is taken into account, and about 10% of the events get a larger value. For the closest approach, the velocitymodified model believes that the observer should be slightly farther away from the MC axis for 8 events and closer for only 4 events. The largest difference appears in the orientation. There are about 40% of the events, for which the orientation is changed by more than 15
• , and particularly, there are 6 events with the difference in orientation larger than 45
• . Besides, for two cases, the handedness is also changed. From the top to bottom and left to right, the panels show the magnetic field at the MC's axis (B0), the radius the MC's cross-section (R), the acute angle between the axis and the Sun-spacecraft line (Θ), the absolute value of the elevation angle of the axis (|θ|), the total magnetic flux (Φz + Φϕ), the unsigned helicity (|Hm|), the initial magnetic energy (Em0) and the handedness (H). The median values of these parameters are indicated by the arrows. 
Statistical properties of plasma motion 4.1 Linear propagating motion
One important implication to consider the velocity in fitting procedure is to reveal the properties of the plasma motion of MCs. First, we investigate the axial component, vaxis, and perpendicular component, vperp, of the linear propagating motion of an MC. The former is a velocity along the MC's axis, i.e., in the z-direction of the MC frame, and the latter is a velocity perpendicular to the radial direction, i.e., the Sun-spacecraft line,
The ratio of the axial velocity to the radial velocity, −vaxis/vX , as a function of the orientation of the MC's axis is shown in Figure 7a . A very nice correlation between them could be found. When the axis is almost aligned with Sunspacecraft line, the absolute value of vaxis is almost equal to that of vX , and when the axis becomes more and more perpendicular to the Sun-spacecraft line, vaxis approaches zero. It well follows the cosine function as indicated by the solid line. The small deviation away from the cosine function is no more than 0.06vX , which corresponds to a very small speed on the order of 10 km s −1 . This result suggests that the apparent axial velocity is mostly a consequence of the propagation of the MC though an insignificantly pure-axial flow might exist inside an MC.
The distribution of vperp is given in Figure 8 . Panel (a) shows that except 6 events, all the other events have a perpendicular velocity less than 60 km s −1 , and Panel (b) suggests that in 61 (about 85% of) events the perpendicular velocity is no more than 10% of radial velocity. A noteworthy thing is that some events have a significantly perpendicular velocity with respect to the radial velocity. The MC shown in Figure 4b is an example, which occurred on 1998 September 25. Our model infers that the orientation of the MC axis is θ = 60
• and φ = 196
• , and the plasma motion of the MC is the combination of the linear motion at −624, 95 and 50 km s −1 inX,Ŷ andẐ directions and the expansion and poloidal motion at 90 and −23 km s −1 , respectively. Considering the expansion of the whole looped structure as shown in Figure 1b and that there is no significantly pureaxial flow inside an MC, one may find that a significantly perpendicular velocity may be present if not the front part (or the apex) but the flank (or the leg) of the MC was detected locally. Which part of a looped MC is detected by spacecraft could be roughly inferred from the orientation of the MC axis. We think that the apex of an MC is encountered if the inferred axis of the MC is almost perpendicular to the Sun-spacecraft line, and the leg is encountered if the axis is almost parallel to the Sun-spacecraft line. Thus, if the expansion of the whole looped structure was the reason of the presence of the perpendicular velocity, we may expect a very small perpendicular velocity for those apex-encountered events. Figure 7b shows the scatter plot of −vperp/vX versus Θ. Obviously, there is no dependence of the perpendicular velocity on the axis orientation. For those events with Θ close to 90
• , the perpendicular velocity could be larger than 10% of the radial velocity. Thus, there must be some other reasons for the significantly perpendicular motion.
We think that the presence of a significantly perpendicular velocity might be an in-situ evidence of deflected propagation of a CME in interplanetary space [e.g., Wang et al., 2004 Wang et al., , 2014 Lugaz , 2010; Isavnin et al., 2014] . The positive value of vY of the 1998 September 25 event suggests an eastward deflection in the ecliptic plane. This is in agreement with the proposed picture by Wang et al. [2004] that a CME faster than background solar wind will be deflected toward the east. If a CME propagated in interplanetary space with a perpendicular velocity at a tenth of the radial velocity, i.e., −
, the deflection angle is then given by
Assuming L1 = 1 AU and L0 less than 5 solar radii, we can estimate that the deflection angle is more than 20
• . This is quite consistent with our recent case study of a CME, which was found to be deflected by more than 20
• on its way from the corona to 1 AU [Wang et al., 2014] . Alternatively, the perpendicular velocity might also be the result of the rotation of the whole structure of a CME with respect to the radial direction in interplanetary space, just as the rotation in the middle and outer corona [e.g., Yurchyshyn et al., 2009; Vourlidas et al., 2011; Isavnin et al., 2014] .
Expanding motion
The distribution of the expansion speed is shown in Figure 9a . It is noteworthy that a significant fraction (about 26%) of the events experienced a contraction process with a median value of about 12 km s −1 . We check the large contraction events having ve < −20 km s −1 , and find unsurprisingly that they were all caused by the overtaking of faster solar wind stream, as illustrated by the example in Figure 10 . In that event, the solar wind speed after the trailing edge of the MC is much larger than that before the leading edge, which cause the magnetic field strength increase with time, and reach the maximum near the rear boundary. Under this circumstance, the MC cannot expand freely, but will be compressed by ambient solar wind. Our model suggests that the contraction speed of the MC is about 27 km s −1 . For the rest of the events suggested to be expanding at 1 AU, the median speed is about 21 km s −1 . The expansion substantially depends on the balance between the internal and external forces. The internal force is partially characterized by magnetic field strength. Figure 9b shows the correlation between ve and B0. The black dashed line is the linear fitting to all the data points and the blue solid line is the linear fitting to the data points of ve > 0 (blue dots). A weak correlation could be found, but it is not significantly different between all data points and data points of ve > 0. The correlation coefficient is not so high, because the external condition is not considered. With the increasing distance away from the Sun, both the magnetic and thermal pressures in the solar wind usually decrease. It will consequently cause the unbalance between the internal and external forces, which drives a CME/MC expanding. Thus we may expect that the expansion speed should be correlated with propagation speed. As shown in Figure 9c , there does exist a stronger correlation between ve and vX for expansion events. The correlation coefficient is about 0.55. It is consistent with the previous result by, e.g., Démoulin and Dasso [2009a] that rapid decrease of the total solar wind pressure with heliocentric distance is the main driver of the MC ex- pansion. Similar results could also be found for the events in the inner and outer heliosphere [Gulisano et al., 2010 [Gulisano et al., , 2012 .
On the other hand, the MC expansion could be classified as self-similar expansion, overexpansion and underexpansion. Note, the term 'self-similar' here only refers to that the radius, R, of an MC evolves proportionally to the distance L, which is a subset of that defined in Sec.2.1 where 'self-similar' means that not only the size but also the internal plasma parameters of the MC evolve self-similarly. Imaging data have suggested that most CMEs undergo a selfsimilar expansion in the outer corona [e.g., Schwenn et al., 2005] , but whether or not they maintain the self-similar expansion in interplanetary space? To measure the expansion rate of MCs, Gulisano et al. [2010] used a dimen-
, in which ∆uX is the difference of the measured solar wind speed along the Sunspacecraft line between the front and rear boundaries of an MC. They found that the value of ζ is about 0.7 after analyzing all the MCs observed by Helios spacecraft. Considering ∆uX is a proxy of the expansion speed of an MC and vX ∆t approximates the size of the MC, we may infer that ζ ≈ ve −v X L R , and ζ < 1 means an underexpansion. Thus, the parameter, ζ, has the same physical meaning of the power index, n, appearing in the power law of the heliocentric distance dependence of the CME/MC size [e.g., Bothmer and Schwenn, 1998; Démoulin et al., 2008; Savani et al., 2009] , namely S = cL n , where S is the MC size and c is a constant. Bothmer and Schwenn [1998] found n ≈ 0.78 and Démoulin et al. [2008] gave n ≈ 0.8. Here we use model derived parameters to investigate the expansion rate again. Since all the MCs in this study located at 1 AU, we have L = 1 AU. Figure 9d shows the plot of −ve/vX versus R/AU. The self-similar expansion is given by the dashed line. The data points above the line suggest an overexpansion, and those below the line a underexpansion. By considering a 20% uncertainty as indicated by the two dotted lines, we find that only 21% of the events underwent a nearly selfsimilar expansion, and 62%/17% of the events have and expansion rate lower/larger than 0.8/1.2. By using a function of
to fit the all these data points as indicated by the solid line, we get ζ ≈ 0.6 on average, generally consistent with that obtained by, e.g., Bothmer and Schwenn [1998] , Démoulin et al. [2008] and Gulisano et al. [2010] , if the uncertainty is considered. A possible reason of why the expansion rate is significantly below unity is that the MCs are perturbed by ambient solar wind and/or other transients as shown in observational statistics [Gulisano et al., 2010] , which may cause the external pressure surrounding the MC decreasing with distance more slowly than usual. The numerical simulations by, e.g., Xiong et al. [2006 Xiong et al. [ , 2007 , Lugaz et al. [2013] also suggested that CME-CME interac- tion may affect the expansion rate of the preceding CME.
It should be noted that in our model the expansion speed is derived based on the measured solar wind velocity along the Sun-spacecraft line and therefore the expansion speed here is more likely to reflect the radial expansion rather than lateral expansion. Lots of studies have shown that the cross-section of a CME will more or less distorted from the circular shape to a pancake shape [e.g., Riley et al., 2003; Riley and Crooker , 2004; Owens et al., 2006] , suggesting that the lateral expansion is probably faster than the radial expansion. Thus, the lateral expansion may probably still be self-similar as that in the outer corona though the radial expansion is not.
One may notice that our model implies that R ∝ L, meaning a self-similar expansion (see Sec.2.1.2). It is inconsistent with the result here. This inconsistency may come from various sources, e.g., the assumption of the magnetic flux and/or helicity conservation, the assumption of L ∝ l, and the assumption of the uniformly straight cylindrical geometry. It will consequently affect the values of some derived parameters, e.g., Φϕ, Hm and Em. Although such an inconsistency exists, we think that the values of these derived parameters still could be treated as a first-order approximation.
Poloidal motion
The distribution of poloidal speed is shown in Figure 11 . The median value is about 10 km s −1 . By comparing the poloidal speed with other parameters, we cannot find any significant correlation among them (all the correlation coefficients are no more than 0.40). Obviously, the poloidal speed, if any, is less significant than the expansion speed on average. This fact may cause the observational signature of the poloidal motion in an MC unclear. To most clearly show the poloidal motion, we choose the events without significant expansion and convert the velocity into the Cartesian frame, (x ′ , y ′ , z ′ ), of the MC (see Sec.2.1.1 for the definition of the coordinates). A nice example is shown in Figure 12 , which was observed on 2009 October 12. The two vertical lines mark the beginning and the end of the MC, and the fitting results are given by the red curves in Figure 12a . According to the modeled parameters, the path of Wind spacecraft in the MC frame is shown in Figure 12e . Along the path from the beginning to the end of the MC, the rotation of the mag- netic field vector is well presented in both the (x ′ , y ′ ) and (y ′ , z ′ ) planes (see Fig.12b and 12c) . The color-coded dots are observations and the color-coded lines are fitting curves. More interestingly, the poloidal motion is evident in the MC frame (Fig.12d) . In this event, the expansion speed is almost zero and the poloidal speed is about −31 km s −1 at time of tc. Figure 13 shows another event on 2003 March 20, in which the modeled poloidal speed is 58 km s −1 , more significant than the modeled expansion speed of about 19 km s −1 , and therefore the poloidal motion can be also recognized in observations. Based on the model, we could expect that the data points of velocity will form an arc which is symmetric about the axis of v y ′ = 0 if the poloidal motion was significant and dominant in an MC. The above two cases just show the pattern. However, the arc's symmetrical axis will change to v x ′ = 0 if the expansion was significant and dominant. Figure 14a roughly shows the case, which was observed during 1998 November 8 -10 and the values of ve and vp are 69 and −8 km s −1 , respectively. If both expansion and poloidal motion are significant, the 'symmetric' axis will rotate, and the velocity data points may deviate slightly from a symmetric distribution. The 2001 April 4 -5 event shown in Figure 14b is an example to show the change.
It should be noted that fp(x) in the equation of poloidal speed (Eq.7) is assumed to be unity. Whether or not is this assumption reasonable? We check it by investigating the cor- and x as shown in Figure 15 . vϕ is derived from velocity measurements in the MC frame, and R are obtained from model results. k1 is an unknown constant, that may change from one event to another. We determine the value of k1 by making the value of fp(x) of most data points around unity. All the data points of the 72 events are plotted together to show the statistical trend (Fig.15a) . The red diamonds in the figure are the mean values of the data points in the bins with a horizontal size of 0.2, and the error bars indicate the standard deviations. The blue line gives fp(x) = 1. It is clear that data points are generally distributed around the blue line no matter which value x is, though a large scattering is evident, suggesting that fp(x) = 1 is an appropriate assumption from the view of statistics.
However, the form of fp(x) is case dependent. Is the assumption of fp(x) = 1 generally appropriate for an individual MC? It is further checked in Figure 15b -15h, in which the dependence of fp(x) on x for 7 selected MCs are presented. These 7 MCs are selected for investigation because (1) the derived poloidal speed is significant, larger than 10 km s −1 , and (2) the closest approach is smaller than 0.5R so that there is a complete scan of x. For different events, the pattern is indeed different. Figure 15b and 15h suggest a general increase of fp(x) with increasing x, Figure 15d and 15f show that fp(x) has a unimodal distribution, and Figure 15c, 15e and 15g show a reversed unimodal distribution of fp(x). If considering the errors, we find that fp(x) is almost independent on x for all the cases except the last one (Fig.15h) . Even for the last case, fp(x) is almost invariant for x > 0.4. Thus, based on the above analysis, we may treat the simplest assumption, fp(x) = 1, as an acceptable approximation.
conclusions and discussion
In this paper, we present a velocity-modified cylindrical force-free flux rope model in details. Both observations of in-situ magnetic field and plasma velocity are taken into account by our model to derive the geometrical and kinematic parameters of MCs, which have been summarized in Table 1 . The validity of our fitting procedure and the effect of velocity on the fitting results are checked through the Lepping list. It is found that the values of the modeled radius and orien- tation of an MC and the closest approach are more likely to be changed significantly if the velocity is considered. In our sample, the radius changes its value by more than 20% in 22% of the cases, orientation changes by more than 30
• in 15%, and the closest approach changes by more than 20% in 17%. In a few cases, the handedness may also be changed. We then obtain the statistical properties of MCs, including the magnetic field strength, radius, orientation, magnetic flux, helicity and initial magnetic energy, which have been summarized in Figure 5 . Furthermore, some findings about the plasma motion of MCs are obtained.
1. The linear propagation velocity may not be along the radial direction. The value of the non-radial component of the propagation velocity could be more than 10% of radial speed in some cases, which constitutes the direct evidence of the deflected propagation and/or rotation of a CME in interplanetary space.
2. As previous studies have shown (see Sec.4 .2), the expansion speed is correlated with the radial propagation speed with a coefficient of about 0.55, and most MCs did not undergo a self-similar expansion at 1 AU in radial direction, i.e., the radius is not evolving proportionally to the heliocentric distance. In our statistics, 62%/17% of MCs underexpanded/overexpanded with an expansion rate < 0.8/ > 1.2, and on average the expansion rate is about 0.6.
3. The poloidal motion is not as significant as expanding motion generally, but does exist in some cases. Its speed is on the order of 10 km s −1 at 1 AU.
The last point is of particular interest. Considering the possible presence of small pure-axial velocity (see Sec.4.1), there may exist helical plasma motion following the helical magnetic field lines of an MC, which is worth to be investigated further. No matter how the plasma elements move inside the MC, the presence of the poloidal motion means that MCs may carry non-zero angular momentum. We think that there are at least three possible causes of the angular momentum.
The first is that the angular momentum is generated locally through the interaction with ambient solar wind. If there is the velocity difference between the solar wind and an MC, the solar wind plasma would stream around the MC body. The viscosity or some other processes may cause the poloidal motion inside the MC. If this is true, we would expect that the poloidal speed, vp, is stronger at the periphery of the flux rope and therefore the absolute value of the derived vp is positively correlated with the closest approach, d. Our statistical study suggests that there is a weak correlation between them as shown in Figure 16a ; the correlation coefficient is about 0.4. This result implies that the local solar wind interaction perhaps is probably a factor for the poloidal motion but not the only one. The second possible cause is that the angular momentum is generated internally all the time of the CME from its early phase in the corona to propagation phase in interplanetary space. It is well known that the magnetic energy of a CME will decrease when it expands [e.g., Kumar and Rust , 1996; Wang et al., 2009; Nakwacki et al., 2011] . The decreased magnetic energy may go into thermal energy and kinetic energy through some mechanisms. It means that the poloidal motion could be somehow generated inside the MC. If this is true, the decreased magnetic energy must partially go into the rotational kinetic energy, and we would expect that the poloidal speed, vp, be more or less dependent on the radial propagation speed, vX , because generally the faster the propagation speed is the larger is the rate of the magnetic energy decrease. As we can see in Figure 16b , there is also a weak correlation with a coefficient of 0.4. It suggests that the internal process perhaps is another factor for the poloidal motion. The numerical simulations of the evolution of magnetic flux rope by Wei et al. [1991] had shown that the expansion of a flux rope may cause the significantly azimuthal velocity, i.e., the poloidal speed in our study, even if the azimuthal velocity was zero initially.
The third one may be that the angular momentum is generated initially at the eruption of the CME in the corona, and carried all the way to 1 AU. The kinking/unkinking behavior and rotation of the whole erupting magnetic structure are often observed in coronagraphs [e.g., Yurchyshyn , 2008; Yurchyshyn et al., 2009; Vourlidas et al., 2011] . Such processes might introduce poloidal motion in the body of the CME. However, if the angular momentum is conserved as that we treated in the model (see Eq.7), we may estimate that the poloidal speed will be about 200 times of that at 1 AU, or about 2000 km s −1 near the Sun if the poloidal speed is about 10 km s −1 at 1 AU. It is interesting to check the imaging data of CMEs to search such a fast poloidal motion though no such a phenomenon was reported so far.
No matter which of the above speculation(s) is right, the evidence of poloidal motion inside MCs does shed a new light on the dynamic evolution of CMEs from its birth to interplanetary space. Some outstanding questions are open. How is the angular momentum in the solar wind transfered into an MC if the first speculation is right? How is the magnetic energy of an MC converted into the rotational kinetic energy if the second speculation is right? How does the poloidal motion depend on the heliocentric distance? Whether or how does the poloidal motion modify the macro/micro-scopic properties of an MC? Except further studies based on the current observations, the upcoming missions, Solar Orbiter and Solar Probe+ will provide great opportunities to advance our understanding of these questions. is the expansion speed and R(t) is the radius of the flux rope.
The mass conservation requires
where M is the total mass of the flux rope, and the above integral is a constant, say c1. Then we have
The conservation of fluxes implies that l ∝ R (Eq.14) or l = c2R, and therefore the above equation becomes
Similarly, if there is no force inφ direction, the conservation of angular momentum requires ρrvϕrdrdϕdz = 2πlR
where LA is the total angular momentum, and the integral in the above equation is also a constant, say c3. Then we get
is also a constant, and therefore expression of vϕ writes k1fp(x)R −1 , as written in Eq.7. Table 1 with the difference that Column 15 is ∆tc = tc − t0. The values of B0, R and vp are all obtained at the time of tc. One can refer to Sec.2.1 for more details. Note 2: For the modeled parameters, B0 is in units of nT, R in units of AU, θ, φ and Θ in units of degree, d in units of R, all the speeds are in units of km s −1 , ∆tc in units of hour, Φz and Φϕ in units of 10 21 Mx, Hm in units of 10 42 Mx 2 , and Em0 in units of 10 31 erg.
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